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A rotational  viscometer  was  designed,  fabricated  and  used  to 
investigate  the  rheological  properties  of  a weak  grout.  The 
grout  sam|)lcs,  when  tested  in  the  rotary  viscometer,  show  a 
qualitative  behavior  which  is  independent  of  cure  time,  shaft 
speed  or  hydrostatic  pressure  and  a quantitative  behavior  which 
is  predominantly  influenced  hy  strain  rate.  The  annular 
samples,  failing  in  shear  adjacent  to  the  viscometer  shaft,  — 
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I.  INTRODUCTION 


An  important  aspect  of  the  stemming  and  containment 
procedures  for  underground  nuclear  tests  is  the  use  of  grout 
materials  whose  deformation,  flow  and  eventuil  set-up  con- 
tributes to  the  closure  of  the  horizontal  line-of-sight  tunnels. 
The  development  of  quantitative  design  procedures  for  the 
stemming  configuration  requires  an  understanding  of  the  pro- 
perties of  grout  in  the  stress  and  strain  rate  environment 
occurring  in  nuclear  tests.  The  experimental  program  dis- 
cussed in  this  report  represents  an  attempt  to  define  these 
material  properties  for  a single  grout,  des ignated  superlean  or 
HSSL-1.  In  this  program,  a rotary  viscometer  was  designed, 
built  and  used  to  study  samples  of  grout  for  a range  of  strain 
rates  up  to  50  sec  and  pressures  up  to  10  dynes/cm  . 

The  choice  of  a rotary  viscometer  to  examine  the  grout 
was  based  upon  the  need  to  have  a test  environment  in  which 
plastic,  viscoplastic  and  viscous  material  behavior  could  be 
qualitatively  isolated  and  wherein  material  properties  could 
be  quantitatively  defined.  Of  particular  interest  to  the 

formulation  of  the  present  program  was  the  already  existing 

r 1 2 1 15-71 

data  on  grout  ’ ■'  and  cement  and  cement  mortar*^  . In  the 

following  paragraphs  we  summarize  this  data  and  discuss  the 

nature  of  the  rotary  viscometric  test. 

1.1  RKVIIiW  OF  EXISTING  DATA 

There  is  a lack  of  definitive  information  about  the  flow 
properties  of  both  rock-matching  and  superlean  grout.  However, 
there  exists  some  data  on  both  the  hydrostatic  behavior  and  the 
yield  strength  of  these  materials.  These  data,  which  were  ob- 
tained by  the  Concrete  Division  of  the  U.  S.  Army  Waterways 
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Hxperiment  Station  and  by  Terra  Tek,  I ncorporated ^ ^ ^ , provide 
some  insight  into  the  mechanical  behavior  of  the  grout  at  very 
low  strain  rates.  Three  other  rather  diverse  sources  of  in- 
formation on  grout  behavior  are  the  qualitative  observations  of 

grout  flow  during  nuclear  testing,  the  laboratory  scale  models 

[21 

of  1 ine - o f - s ight  tunnel  closure^  ^ and  the  quantitative  studies 
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of  slow  creep  in  cement  and  cement  mortar^  . The  latter 
experiments,  while  applicable  to  both  a different  mix  of  ce- 
ment, sand  and  water  and  to  a different  flow  environment  from 
that  of  the  grout  used  in  tlie  nuclear  tests,  do,  however,  pro- 
vide some  insight  into  the  deformation  of  solid  mortar  mixes. 

A representative  "superlean  grout"  used  in  the  stemming 
of  underground  nuclear  tests  is  designated  llSSL-1.  This  grout 
has  the  following  composition  per  cubic  foot'  . 3.48  lb.  ce- 

ment, 2.48  lb.  bentonite  gel,  79.55  lb.  sand  (NTS  desert  fines), 
0.04  lb.  polymer  friction  reducer,  24.10  lb.  water.  The  fric- 
tion reducer  is  added  to  lower  the  viscosity  of  the  slurry  dur- 
ing grout  emplacement.  While  it  apparently  does  not  have  a 
significant  effect  on  the  properties  of  cured  grout,  it  may 
have  an  influence  on  the  behavior  of  the  grout  during  high 
strain  rates. 

A typical  pressure-volume  curve  for  IISSL-1  grout  is 

shown  in  figure  1.1^^^.  It  is  clear  that  the  grout  in  this 

test  exhibits  the  properties  of  a compressible  and  somewhat 

porous  material.  This  porous  tiehavior,  with  a crushup  pres- 

8 2 

sure  of  the  order  of  10  dynes/cm  , is  an  indication  of 
entrapped  air  in  the  grout  specimens.  Tlic  volume  of  the  air- 
filled  voids  is  approximately  3 percent.  Triaxial  tests  of 
the  HSSL-1  grout  in  the  range  of  confining  pressures  to 
4 X 10  dynes/cm  have  shown  that  the  maximum  stress  differ- 
ential which  the  grout  specimen  can  sustain  is  less  than 
2 X 10^  dynes/cm^. 

In  addition  to  this  type  of  hydrostatic  and  yield 
strength  data  in  the  low  strain  rate  regime,  there  exist  some 
qualitative  data  on  the  behavior  of  superlean  grout  in  the 
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Figure  1,1  - Pressure- volume  charge  for  HSSL-1  grout,  Reference 


in-situ  environment  of  the  nuclear  tests.  Post-shot  examina- 
tion of  the  grout  flow  in  the  vicinity  of  the  1 ine-of -sight 
(LOS)  pipe  shows  that  the  grout  flows  for  substantial  dis- 
tances up  the  open  LOS.  In  the  case  of  the  Diamond  Sculls 
event  it  was  found  during  reentry  mining  that  the  grout  had 
extruded  through  the  LOS  and  come  to  rest  about  120  m from  the 
working  point.  This  is  well  outside  of  the  range  to  which 
shock  collapse  of  the  stemming  region  was  anticipated.  Some 
laboratory  scale  models  of  tunnel  closure  have  been  investi- 
gated ^ . In  these  tests  a pressure  pulse,  generated  by  an 

explosive  mixture  of  PETN  and  a low  density  inert  powder,  was 
applied  to  the  outer  surface  of  grout  cylinders  enclosing  a 
central  steel  tube.  The  rise  time,  peak  pressure  and  duration 
of  the  pressure  pulse  were  controlled  to  simulate  the  charac- 
teristics of  the  ground  shock  produced  by  a nuclear  explosion 
in  the  vicinity  of  the  LOS.  The  collapse  or  deformation  of 
the  inner  steel  tube  was  reported  for  several  of  the  experi- 
ments. The  grout  specimens,  which  were  cast  of  Diamond  Sculls 
rock  matching  grout,  were  examined  subsequent  to  the  tests. 

In  several  cases  it  was  apparent  that  the  grout  had  flowed 
during  the  deformation  of  the  steel  tube. 

Both  the  post-shot  examination  of  the  deformation  of 

grout  in  the  LOS  and  the  laboratory  models  of  the  LOS  closure 

suggest  that  the  grout  flows  when  subjected  to  stress.  Until 

the  present  investigation  there  were  no  data  which  indicated 

whether  this  flow  is  plastic  or  viscous  in  nature.  However, 

there  is  a considerable  amount  of  data  on  the  low  strain 
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rate  deformation  of  cement*  and  cement  mortar'  . These 
data  indicate  that  both  cement  and  cement  mortar  exhibit  creep 
behavior  at  small  strain  rates.  When  the  cement  mortar  is 
cured  for  a sufficient  length  of  time  it  appears  to  have  a 

n 

We  use  the  term  cement  to  denote  the  solid  artificial  stone 
which  occurs  subsequent  to  the  setting  of  cement-water  paste. 
Similarly,  cement  mortar  is  the  set  mixture  of  cement,  sand 
and  water. 


definite  yield  strength.  Typical  experiments  on  cement  and  cement 
mortar  are  discussed  in  Reference  .3.  Beams  of  cement  and  cement 
mortar  (1:3)  were  subjected  to  bending  under  their  own  weight. 

The  deflections  of  these  beams  in  different  states  of  curing 
and  drying  were  measured  for  a time  scale  of  hundreds  of  days. 

In  Figure  1.2  we  present  some  of  these  data  from  Reference  3 
showing  the  deflection  time  history  of  several  beams.  The  de- 
flection in  this  figure  is  the  difference  between  tiie  current 
deflection  and  the  initial  deflection  of  tlie  beam  when  tlie 
test  starts.  Tlie  abscissa  at  which  the  deflection  of  tlie  beam 
begins  indicates  the  number  of  days  after  the  curing  process 
that  the  beam  was  permitted  to  dry  prior  to  the  test.  The 
nature  of  the  beam  (whether  it  is  cement  or  cement  mortar)  is 
indicated  on  the  curves  together  with  the  number  of  days,  in 
parenthesis,  for  which  the  beam  was  cured.  In  all  of  the 
curves  the  beam  initially  experiences  a rather  rapid  rate  of 
deflection  which  after  some  time  becomes  constant.  This  con- 
stant rate  is  indicated  by  the  linear  segments  of  the  deflec- 
tion-time curves.  It  is  likely  that  the  initial  flow  of  the 
beams  is  very  rapid,  primarily  because  the  process  of  chemical 
hardening  is  not  complete  at  those  times.  The  extent  of  chemi- 
cal hardening  is  directly  proportional  to  both  the  length  of 
the  curing  process  and  to  the  length  of  the  drying  process. 

The  influence  of  the  length  of  cure  is  evident  in  a comparison 
of  the  two  mortar  beams  (10)  and  (14)  while  the  effect  of  a 
prolonged  period  of  drying  is  shown  in  the  relative  beliavior 
of  mortar  beams  (5)  and  (4) . The  linear  nature  of  the  deflec- 
tion time  history  is  evidence  of  a viscous  behavior  in  the 
mortar  beams.  A similar  conclusion  is  possible  for  the  two 
cement  beams  (6)  and  (84).  The  viscosity  of  the  material  is 
inversely  proportional  to  the  asymptotic  slope  of  the  deflec- 
tion-time curve.  It  is  clear  that  the  viscosity  of  the  cement 
mortar  is  considerably  larger  than  that  of  the  cement.  This 
is  intuitively  reasonable  since  the  presence  of  the  sand  should 
increase  the  viscosity  both  because  of  granular  interlocking 
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Figure  1.2  — Deflection 


aiul  tlie  ” f 1 uid  - so  1 i d"  interact  ion  witii  tlic  ceniont.  In 
addition  to  the  tests  shown  in  tliis  figure  it  was  found  that  a 
mortar  beam  cured  for  87  days  would  not  flow  under  its  own 
weight,  and  consequently  it  may  iic  concluded  that  a yield 
strengtii  exists  which  is  dependent  upon  tlie  days  of  cure.  It 
is  important  to  recognize  that  both  tlie  mortar  used  in  these 
tests  and  tiie  flow  environment  are  considerably  different  from 
respectively  the  grout  llSSL-1  and  the  strain  rates  of  interest 
in  tlie  I, OS  pipe.  Indeed,  in  tlie  context  of  the  time  scale, 
stress  level  and  strain  rates  associated  with  the  flow  of  grout 
in  tlie  nuclear  event,  these  cement  and  cement  mortar  specimens 
are  essentially  behaving  like  rigid  materials.  However,  it  is 
of  interest  to  note  the  evidence  for  both  the  viscous  material 
response  and  the  likelihood  of  a cure-dependent  yield  strength 
exhibited  by  the  test  specimens.  It  was  expected  that  speci- 
mens of  superlean  grout  would  behave  qual itat ivcly  like  the 
mortar  in  a low  strain  rate  environment.  Namely,  the  grout 
would  exhibit  viscoplastic  behavior  which  is  influenced  by  the 
length  of  the  curing  and  drying  processes.  This  expectation 
was  a strong  motivation  in  the  choice  of  the  viscornetric  test 
program  discussed  in  this  report. 

1.2  ROTARY  VISCOMT.TER,  GENERAL  THEORY 

In  the  rotary  viscometer  the  sample  of  grout  is  cast  in 
a long  narrow  annulus  between  concentric  cylinders  as  shown 
schematically  in  Figure  1.3.  The  outer  cylinder  is  held  fixed 
with  an  applied  torque  and  the  inner  cylinder  is  caused  to 
rotate  at  a fixed  angular  velocity;  the  strain  rate  in  the 
grout  is  directly  proportional  to  the  velocity  of  the  shaft 
and  inversely  proportional  to  the  annulus  thickness.  The 
relationship  between  the  torque  and  the  angular  velocity  for 
a range  of  angular  velocities  can  be  used  to  ev'aluate  para- 
meters in  any  proposed  model  for  the  grout.  For  example,  let 
us  assume  that  the  grout  behaves  like  a Bingham  material 
so  that  the  relationship  between  the  torque  T which  holds  the 


outer  cylinder  fixed  and  the  angular  velocity  of  the  inner 
cylinder  is* 
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where  k is  the  yield  strength  of  the  material  and  y is  the 
coefficient  of  viscosity.  In  this  relationship  it  is  assumed 
that  the  grout  flows  in  an  azimuthal  direction  w-ith  neither 
radial  nor  axial  flow.  The  yield  strength  k determines  the 
intersection  of  tlie  T-Q  curve  with  the  T axis,  while  the  slope 
of  this  curve  is  determined  by  the  viscosity  coefficient  y. 

Hence  an  experimentally  obtained  curve  of  tliis  type  would  pro- 
vide information  for  determining  these  two  parameters  in  the 
Bingham  model.  In  addition,  and  perhaps  of  greatest  importance, 
this  type  of  test  can  be  used  to  distinguish  between  differ- 
ent material  behaviors.  For  example,  the  viscometric  test  van  do 
termine  if  the  grout  behaves  as  a Newtonian  fluid  (k  = 0),  a 
perfectly  plastic  material  (y  = 0),  or  some  other  more  com- 
plicated rheological  material. 

We  also  wish  to  investigate  the  influence  of  hydrostatic 
pressure  upon  the  behavior  of  the  grout.  To  this  end,  we  im- 
pose a pressure  P on  the  top  and  bottom  surfaces  of  the  annu- 
lar section  of  soil  in  Figure  1.3.  This  pressure  is  maintained 
during  the  course  of  the  test  on  the  sample.  The  present 
apparatus  is  designed  to  accommodato  confining  pressures  greater 
than  10^  dyne/cm^. 

1.3  OUTLINF  OF  THF  PRFSF.NT  RF.PORT 

In  the  following  paragraphs  we  discuss  the  details  of 

the  viscometric  test  program.  I'he  design  of  the  rotary 

*Wherc  T is  ^ a d the  transition  to  rigid  flow  occurs 

at  some  radius  less  than  the  outer  radius  of  the  sample. 


viscometer  is  presented  in  Section  II;  this  design  was 

based  upon  existing  data  for  superlean  grout,  and  in 

some  respects  tlie  subsequent  experiments  showed  that  the 

viscometer  was  overdesigned.  For  example  the  triaxial  data 

on  this  grout  indicate  a maximum  shear  stress  which  is  on  the 
7 -> 

order  of  1x10  dynes/cm^",  we  will  find  that  the  significant 
shear  stress  for  the  grout  in  these  tests  is  a dynamic 
friction  stress  which  is  approximately  O.Qxlo”  dynes/cm'^. 

The  most  serious  difficulty  that  this  produces  is  that  the 
resistance  of  the  viscometer  itself  becomes  a more  dominant 
signal  in  the  measurements.  The  test  procedures  are  discussed 
in  Section  tu.  These  procedures  involve  the  preparation  of 
the  grout  samples  (mixing,  pouring  and  curing),  the  control  of 
the  viscometric  test  environment  and  the  measurement  of  the 
dynamic  response  of  the  grout. 

The  experimental  results  are  examined  in  Section  IV 
and  our  conclusions  together  with  a suggested  material  model 
are  presented  in  Section  V.  The  grout  samples  all  exhibited 
the  same  qualitative  behavior,  they  failed  in  shear  in  a grout 
layer  adjacent  to  the  viscometer  shaft  and  did  not  appear  to  be 
significantly  deformed  away  from  this  shaft.  When  the  shaft  is 
rotated  the  grout  resistance  rapidly  increases  to  a maximum  value 
and  then  relaxes  to  a lesser  asymptotic  level.  We  designate 
the  initial  maximum  resistance,  which  is  accompanied  by 
little  relative  motion  between  the  grout  and  the  shaft,  the 
static  resistance  of  the  grout.  The  lower  asymptotic  resistance 
is  the  dynamic  resistance.  This  dynamic  resistance  is 
independent  of  strain  rate  and  hydrostatic  pressure;  the 
• value  of  the  dynamic  shear  stress  at  the  shaft  is  0.9>«10^ 

dynes/cm  . In  contrast,  the  static  resistance  is  dependent 
upon  the  strain  rate  but  apparently  independent  of  the  hydro- 
static pressure.  We  find  that  the  static  resistance  is  consistent 
with  measurements  of  shear  strength  from  triaxial  tests  of  the 
same  grout.  The  observed  behavior  of  the  grout  suggests  that 
it  can  be  categorized  as  a plastic  material  wherein  the  resis- 
tance to  deformation  is  dominated  by  "dry  friction".  There  is 
! no  evidence  of  viscous  behavior. 

12 


II.  DESIGN  OF  THE  ROTARY  VISCOMETER 


A rotary  viscometer  was  designed  and  fabricated  to  test 
samples  of  grout  in  the  rotational  shear  environment  discussed 
in  Section  1.2.  As  we  liave  noted,  the  material  in  question, 
flSSI,-l,  is  a low  strength  grout  used  in  various  stemming  appli- 
cations at  the  N'evada  Test  Site,  where  field  observations  have 
indicated  significant  displacement  of  this  grout  during  nuclear 
tests.  No  dynamic  strength  and  viscous  property  measurements 
have  been  previously  made  to  characterize  the  material  in  the 
strain  rate  and  stress  environment  peculiar  to  these  nuclear 
tests.  Based  upon  numerical  calculations  of  the  ground  motion 
in  the  vicinity  of  the  line  of  sight  pipe,  it  is  expected  that 
the  grout  experiences  pressures  on  the  order  of  10^  dyne/cm^ 
and  strain  rates  on  the  order  of  100  sec  The  rotary 
viscometer  was  designed  to  provide  a test  environment  which 
included  such  pressures  and  strain  rates.  That  environment 
together  with  the  nature  of  the  grout  and  its  strength 
characteristics  based  on  triaxial  tests  were  vital  design 
parameters  for  the  rotary  viscometer. 

2.1  GENERAL  CONSIDERATION  OF  DESIGN  RELATIVE  TO 

TEST  ENVIRO.NMENT 

2.1.1  Confining  Pressure  and  Strain  Rate 

9 2 

A sample  confining  pressure  of  JO  dyne/cm  ('^14,500 
psi)  was  selected  as  representative  for  many  field  appli- 
cations of  this  grout.  A pressure  of  this  magnitide 
required  minimizing  the  tost  cell  consistent  with  sample 
size  requirements.  These  latter  requirements  are  closely  re- 
late! to  the  need  to  have  an  annulus  dimension  which  is  "much 
larger"  than  the  typical  particle  size  in  the  grout.  To  keep 
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the  test  cell  voltune  to  a minimum,  external  measurement  of 
the  torque  acting  on  the  sample  was  decided  upon.  Nitrogen 
gas  was  selected  to  be  the  pressurization  fluid  in  order 
to  minimize  contamination  of  the  sample  and  test  cell. 
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2.1.2  Annular  Thickness  of  the  Sample 

The  annular  thickness  of  the  sample  should  be  much 
larger  than  the  individual  particles  in  the  grout.  The  grout 
mixture, for  which  this  apparatus  was  designed,  is  discussed  in 
the  next  section  (Section  III).  The  size  distribution  of  the 
desert  fines  sand  used  in  the  grout  is  given  in  Figure  3.1  of 
that  section.  No  particles  are  over  3.5  mm  across,  about  951 
by  weight  are  under  2.5  mm  and  about  70%  by  weight  are  smaller 
than  1.0  mm.  From  this  data  an  annular  thickness  of  10  mm  was 
selected,  which  was  also  deemed  adequate  to  pour  and  tamp  the 
wet  mix  into  place. 

2.1.3  Material  Behavior 

The  triaxial  tests^^^  indicated  that  the  shear  strength 
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of  this  material  could  be  2 x 10  dynes/cm  ('^300  psi). 
Therefore  the  torque  capacity  of  the  apparatus  was  definable 
once  the  geometric  proportions  of  the  sample  were  established. 
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.1.4  Duration  of  Test 


The  duration  of  the  test,  that  is,  the  actual  period 
over  which  the  sample  experiences  shear  deformation,  had  to  be 
limited  to  prevent  overheating  of  the  sample  material.  An 
average  temperature  rise  of  40°C  in  the  grout  was  considered 
a limit  to  prevent  vaporization  of  excess  moisture  and  to 
minimize  any  temperature  - induced  change  in  grout  strength. 


2.1.5  Size  of  Test  Sample 


The  sample  size  was  influenced  by  the  test  environment 
described  in  Section  2.1.1  through  2.1.4  above. 

Kith  the  sample  annular  thickness  of  10  mm,  the  sample 
geometry  was  chosen  with  consideration  of  the  ratio  of  inside 
to  outside  radii,  and  the  practical  shaft  diameters.  A spline 
coupling  of  the  shaft  to  the  main  drive  was  selected  to  insure 
maximum  shaft  strength.  In  addition,  such  a choice  facili- 
tated assembly  and  disassembly  procedures,  and  satisfied  seal 
and  bearing  design  requirements. 


The  shaft  diameter  was  selected  to  accommodate  a stand- 
ard spline  size  within  the  constraints  of  standard  ball  bear- 
ings and  ultra-high  pressure  seals,  and  be  compatible  with  the 
required  proportions  of  the  sample.  (Considering  tlie  ratio  of 
the  inside  to  outside  sample  radii  to  be  greater  than  0.5  and 
the  above  constraints,  a sample  inside  diameter  of  1.12  in. 
f2.85  cmj  was  established;  and  thus  the  sample  outer  diameter 
was  1.91  in.  (4.85  cm). 

The  weakest  section  of  the  shaft  is  at  the  root  of  tlie 
drive  coupling  spline.  The  torque  transmitted  through  the 
shaft  is  directly  proportional  to  the  length  of  the  test 
sample.  With  a steel  shaft  the  sample  could  have  a length  of 
10  cm  without  over  stressing  the  shaft.  This  gives  a 10:1 
length  to  thickness  ratio,  which  should  limit  the  influence  of 
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ond  effects  on  the  sample  behavior  wlii  1 e under  test,  and  also 
completes  the  definition  of  the  samiile  size  limits: 

Maximum  lengtli  = 100  mm  (.3.04  in.J 

Inside  Diameter  = 2 8.5  mm  (1.12  in.) 

Outside  Diameter  = 48.5  mm  (1.91  in.) 

Tlie  test  sample  makes  intimate  contact  with  the  shaft  at  its 
inside  surface.  On  the  outside  surface  the  sample  is  bounded 
by  a sleeve.  Tlie  interfaces  between  the  grout  and  these 
components  are  formed  by  knurled  surfaces  on  the  shaft  and 
in  tlie  sleeve.  The  pitch  of  t)ie  knurl  is  1.25  mm  which 
permits  approximately  75^  of  the  grout  particles  to  "lock" 
between  the  metal  ridges  to  prevent  shear  from  taking  place 
between  dissimilar  materials. 


2.1.6  Drive  Mechanism 

file  requirement  for  a higli  torque  for  a short  test 
period  indicated  the  need  for  a stored  energy  system  which 
could  be  electronically  controlled  to  produce  the  desired 
rates  of  load  application  and  release  without  exciting  appa- 
ratus vibrations  of  detrimental  levels.  The  energy  storage 
system  selected  was  a 127  cm  (50  inch)  diameter  flywheel  which 
weighed  627  kg  ( 1 380  lbs).  Tlie  flywheel  is  1:1  coupled  to  the 
sample  shaft  tnrough  a magnetic  clutch.  The  flywheel  inertia 
was  selected  such  that  under  maximum  design  load  conditions  it 
would  be  slowed  less  than  101  during  a typical  test.  For  a 
shear  rate  of  100  sec  ^ the  flywheel  speed  is  approximately  11 
rps . 

The  drive  system  was  designed  with  a safety  link,  namely, 
the  shaft  in  contact  with  the  grout.  Should  a sample  with 
strength  greater  than  the  capacity  of  the  apparatus  be  tested, 
the  shaft  would  twist  off  at  the  root  of  the  spline,  thus 
unloading  and  protecting  the  drive  system  of  the  apparatus. 

Only  the  sample  would  be  lost. 
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SPliCIAL  COXSlDHIUirONS  OF  THF  DliSIGN 


The  rotary  viscometer,  designed  to  satisfy  the  general 
cons  i de  rat  i ons  d i s cussed  aliovc  is  sliown  in  tlie  general  layout 
of  i'igure  2.1.  Tlie  overall  dimensions  are  approximately  150  cm 
(5  ftj  X 150  cm  (5  ft)  by  90  cm  (3  ft)  h i gh ^ exclus i ve  of  the 
drive  motor  assembly.  figure  2.2  is  a photograph  of  the 
apparatus.  for  safety  reasons  the  apparatus  is  set  up  in  a 
test  bay  near  Bunker  B at  the  Green  farm  test  site  operated 
by  for  U\A.  Because  of  the  large  amounts  of  stored  energy 
in  the  rotating  flywheel  and  high  pressure  confining  gas, 
operation  is  done  remotely  with  diagnostic  and  test  data 
recorded  inside  Bunker  B.  A complete  parts  list  and  prints 
of  the  engineering  drawings  are  given  in  Appendix  A to  this 
report . 

2.2.1  Test  C'e  1 1 

The  test  cell  of  the  apparatus  consists  of  a thick  ex- 
ternal housing  capped  on  both  ends  by  lieavy  flanges.  figure 
2.3  is  a sectional  view  of  the  test  section  with  a grout  sample 
in  place.  The  end  flanges  house  ball  bearings  whicli  align  and 
allow  the  shaft  to  rotate.  Tiie  assembly,  held  together  by  tie 
bolts,  is  mounted  on  a large  ball  bearing  to  isolate  it  from 
the  viscometer  stand.  Tlie  only  transmission  of  torque  to  the 
stand  occurs  througli  a pair  of  torque  arms  (shown  in  figure  2.1) 
which  are  anchored  to  the  stand  by  load  cells. 

Ballbearings  are  used  to  control  the  radial  position  of 
the  sample  shaft  relative  to  the  housing.  fliese  ballbearings 
are  double  sealed  to  minimize  the  possibility  of  contamination 
with  dirt  and  moisture.  The  large  ballbearing  wiiich  holds  the 
test  cell  relative  to  the  stand  was  not  available  with  seals, 
therefore  oiled  felt  rings  are  placed  on  each  face  to  preclude 
dirt. 

The  rotary  seals  (c.f..  Figure  2.3)  are  made  of  poly- 
urethane impregnated  with  molybdenum  disulfide.  These  seals 
are  backed  up  by  teflon  rings  or  bearings  to  prevent  extrusion 
along  the  shaft. 
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Figure  2,1  — Physical  layout  of  rotary  viscometer. 


Tie  Bolt 


I'ij’m'c  2.3  — Sectioned  view  of  grout  sample  test  cell,  rota- 
tional viscometer. 
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Tlie  siialts  for  the  test  samples  were  made  of  AISI4  130 
alloy  steel,  hardened,  itround  and  polislied  to  liold  seal  fric- 
tion to  a mini  mum . 

■|he  tonpie  arm  sliown  in  figures  2.1  and  2.2  is  19  4.4  cm 
(77  in.)  in  length.  It  attaclies  to  the  top  of  the  test  cell  at 
its  center,  and  each  end  is  secured  to  tlie  apparatus  stand 
througli  a load  cell*.  fliesc  load  cells  or  washers  produce  a 
signal  to  indicate  force  at  tlie  end  of  the  torque  arms,  from 
which  a transmitted  torque  is  calculated  (see  Section  IV). 
Calibration  of  the  load  cells  is  discussed  in  Section  111. 

The  torque  arm  system  was  designed  to  transmit  and  measure 
2.7  ^ 10^^  dyne  cm  (200C  lb  ft)  of  torque. 

2.2.2  Samp  le  four  and  Cure  fixture 

Ti\c  grout  samples  are  prepared  by  pouring  the  mixed 
grout  in  the  annulus  formed  liy  the  shaft  and  the  sleeve  while 
these  parts  are  held  concentric  and  in  proper  axial  relation 
by  a fixture.  Figure  2.4  shows  a grout  sample  in  the  pour 
and  cure  fixture.  The  centering  spider  is  put  in  place 
as  soon  as  the  pour  is  complete  and  remains  in  place  until 
the  curing  cycle  is  complete.  When  cured,  the  sample  is 
removed  from  the  fixture  by  removing  the  spider,  the  tie 
bolts,  the  upper  flange,  the  support  and  the  RTV  spacer  and 
seal  ring.  Figure  2.5  is  a photograph  of  a test  sample 
first  in  the  pour  and  cure  fixture,  on  the  left,  and  then 
ready  for  insertion  into  the  test  cell,  on  the  right. 

The  ridges  shown  on  the  outside  surface  of  the  grout 
sample  sleeve  are  splines  which  mate  with  the  female  splines 
in  the  test  cell  housing  (see  Fig.  2.3)  to  prevent  relative 
motion  between  the  two  parts  during  the  test.  A more  detailed 
discussion  of  the  porous  and  curing  procedures  is  given  in 
■Section  III. 


Kistler  Model  901A  Quartz  load  washer. 
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2.2.5  l-lywhec]  aiiJ  Magnet  Clu tch 

riie  steel  flywlieel,  mounted  on  a vertical  axis,  is  sus- 
ported  by  a radial  ball  bearing  at  the  top  of  its  hub  and  an 
angular  bearing  at  the  bottom  of  the  hub.  The  angular  contact 
bearing  supports  the  027  kg  weiglit  of  the  flywheel.  The  fly- 
wheel has  a 127  cm  outside  diameter.  The  rim  is  7.6  cm  thick 
in  the  radial  direction,  and  20  cm  liigh  in  the  axial  direction. 
The  inertia  of  this  steel  flywheel  is  1.85  x 10  g/cm“. 

A magnetic  clutch*  drives  the  flywheel  through  a 
coupling  shaft  which  in  turn  is  spline  coupled  to  the  shaft 
in  the  test  cell.  this  coupling  shaft  was  made  from  AISI  4130 
alloy  steel,  lieat  treated  to  improve  strength  and  made  tubular 
to  reduce  inertia.  The  magnetic  clutch  is  rated  at  2.7  x 
dyne-cm  (2000  lb  f t j torque  wlien  energized  with  a 12-V  DC 
source.  A pulsed  power  supply  was  used  to  control  the 
acceleration  of  the  shaft.  This  power  supply  is  discussed  in 
Section  III. 

2.2.4  Pressure  System 

The  confining  pressure  for  the  grout  sample  is  nitrogen 
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gas,  boosted  in  pressure  from  a 1.73  x lo  dynes/cm  (2500  psi) 

commercial  gas  cylinder  to  the  required  test  pressure,  with  a 
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nominal  upper  limit  ol  10  dynes/cm  (14,500  jisi)  by  a two- 
stage  pressure  booster**  operated  by  compressed  air  at 
7 X 10^  dynes/cm  (100  psi).  The  high  pressure  side  of  the 
pressure  booster  was  connected  to  the  test  cell  with  high  pres- 
sure stainless  steel  tubing  with  valves  to  permit  charging  and 
venting  of  the  test  cell.  The  valves  and  pressure  booster  were 
equipped  for  remote  operation.  The  pressure  system  including 
the  parts  of  the  test  cell  were  designed  for  a minimum  safety 
factor  of  three  based  on  the  yield  strength  of  the  materials 


*AlRlLtX  Model  SC- 1000. 

**llaskel  I.ngineering  Model  ATS-152-C. 


nivolvt'd.  Iho  pri"'-,urf  uitlun  thi-  tost  cell  was  monitored  by 
a ''train  ^auj;e  pres'-uro  transducer.* 

rhe  capacity  o 1’  the  pressure  liooster  depends  on  the 
inlet  and  delivery  pressures  of  the  worked  gas  and  the  pres- 
sure of  the  driving  air.  Because  of  the  small  volume  of  the 
test  cell.  It  could  he  charged  in  less  than  a minute. 

Within  the  test  cell  free  flow  of  nitrogen  gas  along 
the  e.xternal  splines  of  the  sample  sleeve  equalized  the  pres- 
sure on  the  two  ends  of  the  test  sample. 

Seals  were  placed  on  the  end  of  the  grout  sample  to 
preclude  nitrogen  gas  from  permeating  the  sample  and  thus 
defeating  the  desired  confinement  conditions.  The  material 
used  to  make  those  seals  was  0.5  cm  of  paraffin.  The 
paraffin  prevented  moisture  loss  from  the  sample,  and 

prevented  loss  of  material  from  the  failure  regions  at  the 
lower  surface  of  the  grout. 


*Varitran  Model  221-15. 
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III.  EXPERIMENTAL  PROCEDURES 


3.1  SAMPLIi  PRPPAIUTIO.M 

All  grout  samples  tested  during  tlic  course  of  this 
study  were  formulated  according  to  instructions  provided  by 
Waterways  hxpe r imen ta  1 Station  for  mixing  low  strength  super- 
lean grout,  designated  IlSSL  - 1 ^ ^ ^ ^ . Dry  ingredients  for 

the  grout  mix  were  supplied  by  WPS  from  Nevada  Test  Site 
materials.  livery  effort  was  made  to  produce  samples  which 
were  uniform  and  representative  of  stemming  material  used  at 
NTS . 

Before  selecting  the  pitch  of  the  knurl  used  on  the 
shaft  and  sleeve  two  samples  of  the  aggregate,  NTS  desert 
fines,  were  screened  to  determine  tlie  distribution  of  particle 
sices.  The  results  of  this  determination  are  shown  in  figure 
3.1  which  shows  that  approximately  75b  of  tlie  particles  by 
weight  are  smaller  than  the  1.25  mm  knurl  pitch  selected.  The 
moisture  content  of  the  NTS  desert  fines  was  determined  using 
a moisture  tester  before  preparing  each  batch  of  grout.  This 
information  was  required  in  order  to  correct  the  moisture  con- 
tent of  the  aggregate  to  the  "surface  dry  saturated  condition" 
of  '’.4°b  water  content  by  weight.  Moisture  content  of  the 
aggregate  varied  from  3.2  to  3.4°  and  hence  additional 
water  was  required  to  allow  for  the  ability  of  the  sand  to 
absorb  additional  water  before  becoming  fully  saturated. 

Grout  was  mixed  in  accordance  with  the  proportions 
listed  in  'fable  3.1  as  supplied  by  WdiS  ^ ^ ^ ^ ^ . Dry  materials 
were  thoroughly  mixed  before  water  was  added.  Hand  mixing  of 
the  small  lots  ('vl/20  ft’)  proved  to  bo  more  satisfactory  than 
machine  mixing  because  this  method  insured  that  no  material 
remained  unmixed  near  the  edges  of  tlie  container.  Hand  mixing 
also  reduced  the  entrainment  of  air.  Batches  were  mixed  until 
all  free  surface  water  was  absorbed  by  the  gel.  I'his  recpiired 
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tabu:  3.1 

(Irout  Mixture  for  High  Strength  Superlean,  IISSL-1 


Material 

Batch  Weight 
1 Cubic  Foot 

for 
( ibm) 

Mass  Fraction 
Total  Mixture 

of 

("O 

Cement  "G" 

3.48 

3.145 

Gel 

2.48 

2.241 

CTR-2 

0.037 

0.0334 

Sand 

79 .55 

71  .895 

Water 

24.10 

21.781 

Color 

1.0 

.904 

TOTAL 

110.647 

99.9994 
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app  I'ox  i iiKi  t c 1 y 15  minutes  at  time  tlie  grout  was  tliick 

enough  to  prevent  settling  of  the  aggregate,  wlii  le  remaining 
sutriciently  fluid  to  he  easily  handled.  Samples  were  cast 
hy  extruding  the  grout  from  a plastic  hag  into  one  side  of 
the  annulus  between  tlie  shaft  and  sleeve  (see  figure  2.4). 

During  the  casting  process  the  fixture  assembly  was  agitated 
lightly  arul  the  grout  tamped  several  times  witli  a special  tool 
made  to  precisely  fit  into  tlie  annulus.  Inspection  of  tlie 
samples  post-test  showed  that  t ii  i s procedure  eliminated  all 
significant  voids  without  stratifying  the  aggregate.  (A  few 
pin-head  sice  voids  were  oliserved  distributed  randomly  inside 
tlie  sample.  It  is  virtually  impossible  to  eliminate  every 
small  hulihle  from  tlie  sample;  indeed,  field  samples  typically 
contain  aliout  3°  air-filled  voids  as  discussed  in  Section  1^^^.) 

In  order  to  pievent  metal  surface  to  surface  binding 
from  corrosion  in  the  liumid  cure  environment,  surfaces  of  the 
casting  fixtures  were  coated  with  a mold  release  agent  before 
assembly.  l.xposed  surfaces  of  the  sliaft  and  sleeve  were  also 
protected  from  corrosion  by  applying  a liglit  coat  of  grease. 

Of  course  tlie  knurled  surfaces  in  contact  with  tlie  grout  were 
kept  clean  and  grease  free. 

After  being  filled  with  grout  eacli  fixture  assembly  was 
doubled  sealed  inside  two,  air-tight  plastic  liags . A moist 
cloth  was  sealed  between  the  hags  to  insure  that  no  moisture 
was  lost  from  the  sample  while  curing.  i'hc  sealed  samples 
were  then  immediately  placed  in  an  oven  to  cure  undisturbed. 
During  cure  the  oven  temperature  was  held  between  1)5  and  112°1' 
ami  the  humidity  maintained  near  l()()°a  by  open  containers  of 
water.  On  the  day  of  the  test,  samples  were  taken  from  the 
oven  and  the  casting  fixtures  were  removed  (see  I'igure  2.5). 

A layer  of  colored  paraffin  approximately  0.5  cm  deep  was 
then  cast  in  tlie  annulus  between  the  shaft  and  sleeve  on  each 
end  of  the  sample.  The  paraffin  sealed  the  surface  of  the 
grout  and  jirevcnted  the  possibility  of  high  pressure  nitrogen 
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penetration  durinj;  the  test.  It  also  prevented  any  loss  of 
material  from  regions  of  failure  in  the  sample  either  during 
or  after  the  test. 

-^.2  INSTRlIMliNTATION 

3.2.1  .\n  g u 1 a r I ) i s p 1 a cement 

Angular  displacements  of  the  flywheel  and  shaft  were 
monitored  during  the  test  periotl  using  two  photocell  and  choiiper 
wheel  units.  Ten-slot  chopper  wheels  mounted  on  the  flywheel 
and  shaft  modulated  two  sep.arate  light  beams  which  were  de- 
tected by  photocells.  liach  square  wave  pulse  in  the  resulting 
signal  thus  corresponded  to  e.xactly  one- twent  iet  h of  a revolu- 
tion. A ten-turn  potentiometer  driven  by  the  sliaft  provided 
a continuous  record  of  shaft  displacement  as  a function  of 
time.  This  data  supplemented  the  chopper  wheel  record,  and  wa 
particularly  useful  during  the  time  interval  in  which  clutch 
engagement  occurred.  Typical  records  obtained  from  tlie  choppei 
wheel  and  potentiometer  systems  are  shown  in  figures  3.2  and 
3.3.  Figure  3.2  illustrates  the  slowing  of  the  flywheel  liom 
0.18  to  0.14  rps  which  occurred  during  a quasi-static  test. 
Similar  traces  for  runs  at  higher  speeds  show  that  the  sampU- 
was  unable  to  significantly  slow  the  flywheel  during  the  test 
period  (less  than  21  per  revolution  at  1.5(1  rps  and  less  than 
11  at  7.5  rps).  Figure  3.3  illustrates  the  smooth  engagement 
of  the  clutch  and  subsequent  uniform  rotation  of  the  shaft  in 
a high  speed  run. 

3.2.2  Clutcli  Power  Supply 

Iv'e  initially  feared  that  the  time  required  to  pull  in 
and  lock  up  the  magnetic  clutch  would  be  very  long  in  comiiari- 
son  with  typical  test  times  for  the  high  speed  runs  (130  ms/ 
revolution).  As  a consequence,  the  clutch  power  supply  w.as 
designed  to  provide  up  to  a factor  of  ten  over-voltage  for 


3.J  — Output  from  ton-slot  cliojijior  whoc  1 /photoce  1 1 de- 
tectors for  siinft  (top)  and  flyuheel  (bottom) 
rotation  in  a quasi -static  test. 


0 . .S  V/cm 
100  ms /cm 


i^ure  - Out]iut  from  ten-turn  potentiometer  in  a liigh  speed 

f'v.7.5  r[is)  test.  One  cent  iiiu' ter  equals  1.0  revolu- 
tion of  t be  sita  f t . 
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short  time  periods.  Inergy  stored  in  a 1.2  mf  capacitor  bank 
uas  delivered  to  the  clutch  until  the  hank  voltage  fell  to  12 
volts  (tlie  clutch  design  voltage).  At  l.itcr  times  a storage 
h.ittery  maintained  12  volts  across  the  clutch.  A typical 
voltage  history  is  shown  in  l-'igure  3.4  where  we  note  that  ap- 
jiro.x  imately  420  milliseconds  were  required  to  discharge  the 
capacitor  hank  from  oO  to  12  volts.  Load  cell  records  indi- 
cate clutch  engagement  at  85  milliseconds  so  that  at  least 
momentarily  the  clutch  could  transmit  roughly  4 times  its 
ma.ximum  rated  torque  (2000  ft*lb£-).  In  actual  practice,  the 
clutch  was  never  required  to  deliver  more  than  about  1/10 
its  rated  torque  to  the  shaft.  This  low  torque  requirement 
coupled  with  the  high  torque  capacity  of  the  clutch  at  the 
time  the  clutch  plates  engaged  permitted  the  clutch  to  lock 
up  essentially  instantaneously.  The  sudden  stress  buildup 
excited  -.orsional  oscillations  in  the  test  apparatus  which 
proved  to  be  a major  source  of  noise  in  Iiigh  si)ced  runs. 

This  difficulty  was  reduced  by  modifying  the  clutch  power 
supply  to  produce  a more  gradual  torque  loading.  As  shown 
in  figure  3.5,  the  clutch  was  initially  energized  by  the 
storate  battery  until  just  before  pull-in  occurred  (280  msec). 
At  this  time  the  discharged  1.2  mf  capacitor  bank  was  elec- 
tronically connected  in  parallel  with  the  clutch,  momentarily 
reducing  the  voltage  across  the  clutch  to  its  minimum  hold- in 
voltage  (1.8  V).  Voltage  across  the  clutch  tlien  ramped  up 
exponentially  fwith  a 35  msec  e- folding  time)  as  tlie  caj)acitors 
charged  up  to  the  supply  voltage.  The  improvement  in  the 
rate  of  sample  loading  is  evident  in  figure  3.3. 


3.2.3  Load  (!ell  (ialihration 

Two  load  cells  were  employed  to  measure  the  torque 
transmitted  by  the  sample  as  discussed  in  .Section  II.  before 
testing  could  begin  it  was  necessary  to  calibrate  the  re- 
sponse of  the  load  cells  to  balance  the  outputs  so  that 


riiiuro  3 . -1  - Clutcti  voltage  as  a function  of  time  for  capacitor 
hank  power  siippl)'  with  storage  hattcry  backup. 


1 igurc  .3.S  - Clutch  voltage  as  a function  of  time  for  capacitor 
"(juenclied"  power  sujiply. 


tlu'  summation  of  tlic  signals  would  provide  a true  measure  of 
the  sample  behavior.  Charge  amplifiers  were  used  to  liufl'er 
tlie  output  of  the  h igh  - i mpedance  (10‘^  n)  quartz  load  cells 
to  protluce  a voltage  signal  suitable  for  oscilloscope  display. 
Cain  and  r.inge  controls  on  the  charge  amplifiers  provided  tlie 
means  to  set  the  sensitivity  of  the  load  cells. 

The  load  cells  were  calibrated  on  the  rotational  vis- 
cometer, installed  exactly  as  they  were  used  in  the  actual 
test  runs.  A series  of  loads  were  applied  to  the  torque  arm 
and  tlie  resulting  signal  recorded.  figure  3.6  shows  tlie  re- 
sulting calibration  data  for  the  cells.  To  equalize  the  load 
cell  outputs  the  gain  on  tlie  #1  cliarge  amplifier  was  increased 
from  2.000  to  2.303  so  that  both  units  had  an  overall  output 
of  3.639  V/lbf  or  8.173  x 10  V/dyne.  Since  the  load  cells 
were  mounted  38.25  inches  from  the  shaft  center,  their  torque 
sensitivity  was  1.142  V/ft*ltif  or  8.412  x 10  ^ \'/dyne'cm. 

The  load  cell  calibration  was  rechecked  during  the  experiment 
and  found  to  be  unchanged. 

3.3  THST  SbQUh.NCIi 

Before  eacii  test  commenced  the  two  high  pressure  seals 
were  cleaned  and  heavily  lubricated  with  extreme  pressure 
grease.  A grout  sample  assembly  (prepared  as  discussed  in 
Section  3.1)  was  then  installed  in  the  high  pressure  test  cell 
F’rcparation  of  the  viscometer  was  completed  by  installing  the 
tor(jue  arm  and  associated  load  cells,  connecting  the  high  pres 
sure  nitrogen  line,  and  resetting  the  potentiometer.  After 
clearing  the  test  stand,  the  flywheel  vsas  spun  up  to  speed  liy 
the  electric  motor.  A steady  state  rotation,  as  determined 
by  the  "chopper"  signals,  was  attained  in  eitlier  '^^2  or  '^-4.5 
minutes  at  the  low  and  high  drive  speeds,  respectively.  The 
test  cell  was  then  pressurized  as  rapidly  as  possible;  nor- 
mally this  required  from  10  to  45  seconds  depending  on  the 
ultimate  test  cell  pressure  and  the  inlet  pressures  to  the 
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gas  booster  (c.f..  Section  2.2.4J.  Tliu  actual  test  was  con- 
ducted as  soon  as  possible  after  reacliing  tlie  desired  test 
pressure;  generally  within  15  seconds. 

light  oscilloscopes  with  polaroid  cameras  were  used  to 
record  test  data.  Both  individual  and  summed  load  cell  outputs 
at  two  different  sensitivities  were  obtained  using  four  oscil- 
loscopes. Clutch  voltage,  potentiometer  voltage  (and  hence 
shaft  rotation)  and  "cliopper"  wheel  signals  comprised  the  re- 
mainder of  the  information  recorded.  A ninth  oscilloscope  pro- 
vided tlie  timing  pulse  to  the  clutch  pov;er  supply  as  discussed 
in  Section  5.2.2.  Actuating  the  clutch  power  supply  provided 
the  zero-time  signal  for  automatic  sequencing  of  the  oscil- 
loscopes. .All  oscilloscope  sweeps  except  those  of  the  clutch 
voltage  and  timing  oscilloscopes  were  delayed  200.0  millisec- 
onds from  zero-time  to  allo\>i  for  the  meclianical  closure  time 
of  the  magnetic  clutch.  The  test  was  terminated  manually  after 
1 to  3 seconds  (depending  on  the  flywheel  speed  and  total  dis- 
placement desired)  by  shutting  off  the  clutch  power. 

At  the  conclusion  of  the  test  the  pressure  on  the 
sample  was  released  remotely  and  tlie  flywheel  was  allowed  to 
come  to  rest.  The  sample  was  then  removed  from  the  test  cell 
and  examined.  The  amount  of  water  (if  any)  released  by  the 
sample  during  the  test,  extent  of  the  fractured  material,  and 
general  competence  of  the  sample  were  noted  at  this  time. 


IV.  DISCUSSION  OF  TEST  RESULTS 


!.l  QIIALITATI  Vli  NATIJRH  OF  Till;  TF.ST  RFSllFTS 

IVe  recall  from  Section  II  that  in  these  rotational  vis- 
cometric tests,  tlie  shaft  aiui  tlie  jiiout  are  initially  sta- 
tionary. The  rotating  flywheel  is  engaged,  via  the  magnetic 
clutch  (c.f..  Figure  2.1)  to  the  siiaft,  causing  the  shaft  to 
rotate  and  producing  a shear  force  at  tlie  interface  between 
tiie  sliai't  and  tiie  grout  sample.  fhe  qualitative  lieliavior  of 
the  grout  samples,  wlien  subjected  to  this  shear  force,  were 
essential  I\'  tlie  same,  i rule[iendcn  t of  cure  time,  shaft  speed 
or  hydrostatic  pressure.  These  samples  all  experienced  shear 
failure  near  the  shaft.  The  annular  dimension  of  the  failed 
region,  observed  in  post  experiment  examination  of  tlie  samples 
at  atmospheric  pressure,  was  less  than  1 mm.  There  did  not 
appear  to  be  significant  deformation  at  radial  locations  away 
from  the  shaft. 

Itie  shear  stress  at  the  shaft  which  tends  to  protluce 
deformation  of  the  grout  sample,  transmits  a force  througli 
the  moment  arm  to  the  load  cells,  discussed  in  Sections  11 
and  111,  and  shown  in  Figure  2.1.  \ schematic  diagram  of 

the  torque  measurement  is  presented  in  Figure  4.1.  The 
annulus  of  grout  is  subjected  to  a torque,  produced  by  the 
shear  stress  at  the  shaft,  together  with  tlie  torque  resulting 
from  the  load  cells  positioned  at  the  ends  of  the  lever  arm. 
When  the  rotation  is  steady  or  when  inertial  effects  are 
negligible  these  two  torques  are  equal*.  In  that  case  the 


*The  bond  strength  + static  friction  is  on  the  order  of 
1 X 10^  dynes/cm^.  Since  the  maximum  shear  stress  in  the 
grout  occurs  at  the  shaft, we  may  use  the  shaft  radius 
(0.556  in.  = 1.41  cm)  and  the  length  of  the  grout  sj)ccimen 
(3.75  in.  = 9.53  cm)  to  estimate  the  torque  as  (1  x 10^ 
dynes/cm^)  2tt(1.41  cmj^(9.53  cm)  = 1.2  x lo®  dynes-cm.  I'he 
mass  of  the  grout  sample,  based  upon  a density  of  2 gm/cm^ 
is  approximately  230  gm.  We  can  estimate  the  inertial  torque 
as  (230  gm)(1.9  cm) (10  cm/sec)/(At  sec)  = 4.4  x lO^dyne-cm- 
sec/(At  sec).  lienee  it  is  only  on  a time  scale  of  At  = 10"^ 
that  the  inertial  forces  arc  important. 
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Figure  4.1  — Schematic  diagram  of  torque  measurement. 


relationsliip  between  tlie  sum  of  the  measured  forces  I-  and  the 
shear  stress  t at  the  shaft  is 


‘ 7—  1-4.1 

2 TT  r “ h 

where  L is  the  moment  arm  to  tlie  load  cells  (97.2  cm J , r is 
the  radius  of  the  inner  sliaft  (1.41  cm)  and  h is  the  axial 
Icngtii  of  the  grout  sample  (9.53  cm).  Hence,  if  I-  is  measured 
and  the  inertial  effects  are  unimportant,  one  may  directly  cal- 
culate the  shear  force  acting  on  tlie  grout  sample  at  the  shaft. 
Typ  cal  load  cell  records  are  shown  in  figure  4.2a  for  the 
case  of  very  low  shaft  speed  (a^.l  rev/sec)  and  correspondingly 
low  strain  rate*('v.6  sec  ^),  i'liese  records  of  the  voltage- 
time histories  of  the  two  load  cells,  when  summed,  yield  the 
voltage-time  history  shown  in  figure  4.2b.  flie  scale  on  ver- 
tical axis  of  this  latter  figure  is  .2  V/cm  wtiile  that  of  the 
horizontal  axis  is  .1  sec/cm.  There  is  an  initial,  monotonic, 
increase  in  force  to  some  maximum  value  followed  by  a decay  to 
a lower  asymptote.  The  rise  time  to  peak  fo’ce  is  on  the  order 
of  0.04  sec  wliich  is  several  orders  of  magnitude  larger  than 
the  time  required  for  a sonic  wave  to  traverse  the  annulus  of 
grout.  This  implies  tliat  the  grout  sample  has  not  been  "shock 
loaded"  in  this  experiment.  The  duration  in  which  the  force 
in  figure  4.2b  increases  corresponds  to  the  time  required  to 
accelerate  tlie  shaft.  This  is  seen  in  figure  4.2c  where  tlie 
disp 1 acemen t - t ime  history  of  the  shaft,  measured  by  the  poten- 
tiometer (c.f..  Section  III),  is  illustrated.  fxcept  for  a 
small  time,  <^.04  sec,  corresponding  to  tlie  acceleration  of  tlie 
shaft,  the  potentiometer  record  has  essentially  a constant 
slope,  which  indicates  tliat  the  velocity  of  the  shaft  is 
almost  constant.  A more  quantitative  measure  of  the  velocity 
of  the  shaft  is  olitained  from  the  recording  of  tlie  "chopper" 
signal  shown  in  figure  4. 2d  where  each  complete  period  indi- 


*A  nominal  value,  determined  by  dividing  the  tangential  shaft 
velocity  by  the  annular  dimension  of  the  grout. 
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(a)  Indivulual  load  colls;  .2  V/cm,  100  mscc/cm. 


I h j 


I I v;u re  I 


Sunnation  of  loa^i  colls;  .2  V/cm,  100  mscc/cm. 


i) -i  1 1 1 osco]K'  records  for  j>roiit  samnlo;  shaft  speed 
i 1 rev /sec,  pressure  is  1.2  x UP  dynes/cm^ . 


cates  .10  revolutions.  We  presume  that  the  grout  experiences 
elastic  deformation  during  the  .04  sec  that  force  increases, 
then  the  bond  strength  and  static  friction  of  the  grout  is 
exceeded  producing  a thin  fractured  region  immediately  adjacent 
to  the  shaft.  Because  the  shaft  displacement  is  negligible  in 
this  time  we  designate  this  resistance  as  the  static  resistance 
of  the  grout.  Subsequently,  in  a time  which  is  of  the  order 
of  .2  sec,  the  resistance  between  the  shaft  and  the  grout  has 
diminished  to  a much  smaller  level.  The  asymptotic  value  of 
this  resistance  corresponds  to  a measure  of  the  friction  between 
the  grout  and  the  rotating  shaft.  This  latter  resistance  is 
designated  the  dynamic  resistance  of  the  grout. 

Recall  that  the  shaft  in  this  viscometer  is  roughened 
with  axial  grooves  (c.f..  Sections  II  and  III),  where  the 
dimensions  of  the  grooves  are  of  the  order  of  the  average 
dimension  of  the  desert  fines  used  in  the  grout.  Because 
of  this,  the  grout  within  the  grooves  remains  competent  and 
moves  with  the  rotating  shaft;  the  actual  failure  of  the  sample 
occurs  just  outside  of  the  grooved  shaft  surface.  Conse- 
quently, we  expect  that  the  bond  strength  and  also  the  static 
and  dynamic  friction  of  the  grout  are  of  the  order  of  the 
respective  quantities  for  a plane  of  shear  failure  within  a 
homogeneous  specimen*.  If  this  expectation  is  correct  then 
the  measured  resistance  and  displacement  histories  in  Figvires  4.2b 
and  4.2c  together  with  the  post  experiment  observation  of  a very 
thin  fractured  region  adjacent  to  the  shaft  imply  a material 

response  which  is  strongly  dominated  by  bond  failure  and  dry 
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friction^  . The  relaxation  of  the  material  resistance  shown 
in  Figure  4.2b  is  likely  the  result  of  a grinding  action  as  the 
particles  in  the  thin  fractured  region  move  with  respect  to 
each  other. 


In  a later  paragraph  we  wi'l  attempt  to  justify  this  expec- 
tation by  examining  a comparison  between  the  present  measure- 
ment of  maximum  stress  (bond  + static  friction)  and  the  fail- 
ure stress  measured  in  triaxial  tests. 
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I'he  qualitative  influence  of  shaft  speed  ui)on  the  mea- 
surements may  be  understood  by  a comparison  of  the  previous 
records  in  figure  4.2  with  those  in  Figures  4.3  and  4.4.  In 
the  former  case  the  shaft  speed  was  ^^.1  rev/ sec  while  in  the 
latter  figures  the  shaft  speeds  are  "vl.S  and  'v7.5  rev/sec 
respectively  with  corresponding  strain  rates  of  '^10  sec  ^ and 
'V'50  sec  . Of  particular  interest  are  the  respective  force- 
time histories  shown  in  Figures  4.2b,  4.3b  and  4.4b.  In  all 
cases  the  vertical  scales  are  .2  V/cm  and  the  ranges  are 
identical  (c.f.,  Section  III).  However,  the  horizontal  scales 
in  Figures  4.2b  and  4.3b  arc  .1  sec/cm  while  that  in  Figure 
4.4b  is  .05  sec/cm.  It  is  clear  that  rate  effects  have  an 
influence  on  the  peak  force  since  that  peak  increases  as  the 
shaft  speed  increases.  Again,  the  time  associated  with  the 
increase  to  peak  force  at  the  higher  speeds  is  still  much 
smaller  than  that  associated  with  the  propagation  of  a sonic 
wave  across  the  annulus  of  grout,  implying  that  the  grout 
specimens  are  not  shock  loaded.  There  is  not  a linear 
relationship  between  the  rate  of  loading  of  the  grout  and  the 
speed  of  the  shaft;  this  is  because  the  magnetic  clutch  was 
adjusted  to  decrease  acceleration  of  the  shaft  at  the  higher 
velocities  (c.f..  Section  3.2).  We  see  that,  except  for  the 
magnitude  of  the  peak  and  the  initial  character  of  the  force- 
time history,  the  qualitative  behavior  of  the  histories  in 
Figures  4.2b  through  4.4b  are  the  same. 

We  also  note  in  Figures  4.3  and  4.4  an  oscillation  in 
the  load  cell  records.  This  oscillation  is  caused  by  a slight 
^ eccentricity  in  the  alignment  of  the  shaft  ('v.Ol  cm)  with 

respect  to  the  axis  of  rotation  of  the  flywheel.  This 
eccentricity  is  amplified  by  the  long  lever  arm  (see  Fig.  4.1) 
to  produce  a periodic  fluctuation  in  the  force  on  the  load 
cells.  Ideally  this  fluctuation  exactly  cancels  when  the  two 
load  cell  signals  are  summed;  however,  imbalances  in  the 
amplifier  gains  permit  a small  residual  oscillation  in  tlie 

Sr 

^ combined  load  cell  signal.  The  sinusoidal  nature  of  this 

^ signal  allows  it  to  be  readily  subtracted  from  the  signal  to 

give  the  actual  torque  response  of  the  sample. 


(a)  liulividual  load  colls;  .2  \'/cm,  100  mscc/cni. 


fl))  Summation  of  load  colls;  .2  V/cm,  100  mscc/cm. 


I i gu  re  4.3 


— Oscilloscope  records  for  grout  sample;  sliaft  sue 
is  1.5  rev/sec,  pressure  is  .89  x lO’  dynes/cm^ . 


p ] ^ 


(a)  Individual  load  cells;  .2  V/cm,  50  msec/cm. 


(h)  Summation  of  loail  colls;  .2  V/cm,  50  msec/cm. 


Kiire  1.1  - Oscilloscope  records  for  grout  sample;  shaft  sjieed 
is  7.5  rev/sec,  jiressure  is  .HI  lO'*  tlynes/cm'  . 
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4.:  I \ii.iii.\ci.  oi-  c.'iiRi,  iiMi: 

l.L'iigtli  of  cure  is  known  to  liave  a significant  influcMice 
upon  the  losponse  of  coiiic'iit  and  cement  mortar  to  creep 
tests.  In  the  present  series  of  experiments  the  majority 

of  tlie  samples  were  tested  subsequent  to  a cure  of  18-.3U 
days  in  a controlled  temperature  and  humidity  environment, 
as  discussed  in  Section  111.  However,  to  investigate  the 
influence  of  cure  time  upon  the  dynamic  response  of  tlie 
grout,  some  tests  were  conducted  with  samples  cured  for  only 
one  or  nine  days.  In  general,  these  latter  samples  exhibited 
the  same  ciualitative  behavior  as  those  samples  which  were  cured 
for  a longer  time.  However,  the  resistance  of  the  samples 
subjected  to  a short  cure  was  somewhat  lower  than  that  of  the 
samples  subjected  to  a long  cure.  This  is  illustrated  in 
figure  4.5  where  the  summation  of  the  two  load  cell  force - 
time  histories  in  terms  of  voltage  for  two  samples  are  sliown. 
These  samples,  with  cure  times  of  1 day  and  29  days,  w'ere 
tested  at  a shaft  speed  of  1.5  rcv/sec  and  the  same  confining 
pressure.  Again  the  range  and  sensitivity  (0.2  V/cm)  of 
the  oscilloscope  traces  are  the  same;  in  addition  the  hori- 
zontal time  scales  are  100  ms/cm.  It  is  apparent  that  the 
dynamic  friction  resistance  for  the  sample  with  a cure  time 
of  1 day  is  approximately  25%  less  than  that  of  the  sample 
which  was  cured  for  29  days.  We  note  that  the  dynamic  resist- 
ance of  this  latter  sample  is  consistent  with  that  shown  in 
Figure  4.2,  and  hence  is  representative  of  the  sample  response 
in  the  case  of  the  longer  cure  times. 

Again  the  qualitative  behavior  of  the  one-day  cure 
samples  was  very  much  like  that  of  those  which  were  cured 
for  a longer  time.  The  samples  failed  in  shear  in  a very 
thin  region  adjacent  to  the  shaft  and  did  not  appear  to  be 
significantly  deformed  outside  of  this  region  of  failure. 
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fh)  (!ure  time  = 19  tlays. 


5 — A comparison  of  samjile  resistance  based  upon  length 
of  cure.  Shaft  speed  is  1.5  rev/sec;  summation  of 
loail  cell  records  is  shown.  Vertical  scale  .2  V/cm 
horizontal  scale  100  msec/cm. 


In  tin.'  case  ol  all  sainjiles  teslc'cl  at  hij^h  j)ressures  0.25 
kb)  thoro  was  a moJt'rate  amount  of  froc  water  present  in 
the  test  sc'Ction  at  the  terminatioti  of  the  test.  for  these 
samples  which  had  Iieen  cured  for  only  one  to  nine  days  the 
amount  of  this  I'ree  watei'  was  greater  than  in  those  cases 
for  uliich  the  cure  time  was  longer. 

1 he  influence  of  cure  time  upon  the  peak  resistance  of 
the  samples,  when  the  shaft  is  initially  rotated,  also  shows 

the  same  trend,  that  is,  the  samples  subjected  to  a cure  of 
one  day  e.xhibit  a resistance  less  than  tluit  of  the  samples 
which  were  cured  for  a longer  period.  IVe  will  return  to 
this  influence  of  cure  time  in  .Sections  1.5  and  1.6. 

■1.5  I.\fLUi:.\Cl:  Of  T0T;\L  Sll..\!-T  IJ 1 Si’L.XCfMfi.XT 

We  have  shown  in  figures  4.2  through  1.5  that  the 
resistance  of  the  sample  is  time  dependent,  in  the  sense  that 
there  is  a relaxation  in  the  measured  force-time  histories 
t rom  a peak  to  a lower  level  of  force.  Since  the  grout  con- 
tains sand  particles,  it  is  likely  that  this  history  is 
affected  by  the  relative  motion,  vvithin  the  tliin  fractured 
region,  of  such  particles.  It  is  of  interest  to  determine 
if  the  lengtli  of  time  associated  with  such  relative  motion 
significantly  affects  the  response  of  the  grout.  We  luive 
subjected  some  grout  samples  to  large  time  or  large  displace- 
ment tests.  In  these  tests  the  shaft  was  rotated  to  a total 
of  approximately  30  revolutions  in  three  tests.  Three  stages 
of  rotation  were  used  to  minimize  the  possibility  of  heating 
effects  i^roduced  by  tiic  frictional  resistance  of  the  sainjile. 

In  figure  4.6  we  show  the  voltage-time  histories  of  the 
individual  load  cells  in  a representative  test  at  1.5  rev/ 

9 

sec.  In  this  case  the  grout  sample  was  subiected  to  0.75  10 

2 

dynes/cm  of  pressure  which  was  maintained  for  the  duration  of 
the  test  including  the  times  lietweeti  the  periods  of  shaft 
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(a)  0 to  1 . I ()  rev , 


( b ) I 1 . 1 tt)  1 2 . ro  V . 

idlin'  1 . (i  — Inl'liKMico  ol'  il  i sp  1 acoint'n  t u]ion  sample  resistance. 

Shalt  - peed  is  1.5  lev/sec,  iiressuie  is  .75  x lO'’ 
d/nes/enr.  \ertical  scale  is  .2  V/cm,  horizontal 
scale  is  lOO  msec/ cm. 


rotation. 


Again  the  sen.s  i t iv  i t y and  tango  of  tlie  oscilloscope 
records  are  the  same  .as  in  tlic  earlier  figures  giving  a ver- 
tical scale  of  0.2  Wein;  tlie  horizontal  scale  is  100  ms/cm. 

The  oscilloscope  traces  contain  ~0.7fi  sec  intervals  of  the 
total  period  of  shal’t  rotation.  In  these  I'igtires  1.0a,  h 
and  c are  resjtect  ively  the  force-time  liistories  between 
lO  - l.lo),  (.11.1  - 12.3)  and  (20.0  - 22.1)  revolutions 
where  the  sltaft  rotation  was  initiated  at  the  beginning  of 
eacii  interval  shown.  An  examination  of  the  asymptotic  value 
in  eacli  figure,  when  the  periodic  cliaracter  of  the  record 
is  accounted  for,  indicates  that  tliis  asymptote  for 
I'igurcs  -l.Oa,  b and  c is  respectively  0.18  V,  0.16  V and 
().!(•  V.  This  implies  little  influence  of  displacement  upon 
the  measured  samjile  dynamic  res  i s t .ince  . Of  additional  interest 
, is  the  cliaracter  of  tlie  force-time  histories  wlien  tiie  sliaft 

is  initially  rotated.  It  is  clear  that  tlie  jieak  in  figure  4.0a 
is  largest  and  those  in  figures  4 . Ob  and  c are  approximately 
the  same.  Ihe  difference  is  a measure  of  the  strength  of 
the  bond  of  cured  grout.  In  Figures  4.6b  and  c this  bond  has 
been  broken  and  consequently  the  resistance  of  the  sample  to 
rotation  is  the  resistance  associated  with  static  friction. 

Ke  will  examine  later  in  .Section  4.6  the  initial  peaks  of 
the  force-time  histories  and  compare  these  measurements  with 
the  yield  strength  defined  in  triaxial  and  unconfined  com- 
pressive tests  on  samples  of  this  grout. 

4.4  INFLIJF.N'CI;  OF  VISCOMF.TF.R  RFST STANCF.  ON  ROTATION 

Our  discussion  of  the  grout  behavior  in  the  previous 
paragraphs  has  been  essentially  qualitative;  we  have  not 
• attempted  to  relate  the  measurements  to  an  evaluation  of 

specific  material  properties.  In  order  to  use  the  measure- 
ments quantitatively  it  is  necessary  to  examine  the  rota- 
j tional  resistance  of  the  viscometer  itself,  without  a sample. 
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A summation  of  the  two  load  cell  force-time  histories  for  a 

typical  rotational  viscometric  test,  without  sample,  is  shown 

in  figure  4.7.  In  that  test,  the  rotational  velocity  of  the 

shaft  was  l.S  rev/sec  and  the  test  section  was  pressurized  to 
0 2 

0.55  X 10‘  dynes/cm-.  These  conditions  aiiproximate  the  test 
environments  of  the  grout  samples  shown  earlier  in  figure  4.5. 
In  the  present  figure  the  vert ical  scale  is  0.2  V/cm  and  the 
horizontal  scale  is  100  ms/cm.  We  see  that  the  resistance 
of  the  viscometer  alone  is  qualitatively  like  that  of  the 
viscometer  plus  sample  discussed  in  the  previous  paragraphs; 
there  is  an  initial  peak  in  the  force-time  history  followed 
hy  a decay  to  a lasser  value.  The  major  contribution  to  this 
resistance  of  the  viscometer  is  the  interaction  between  shaft 
and  the  rotary  seals  which  arc  used  to  isolate  the  test  cell 
in  the  viscometer.  These  polyurethane  seals  were  shown  in 
figure  2.2;  when  the  test  cell  is  pressurized  the  seals  are 
forced  against  the  shaft,  permitting  a buildup  of  the  pressure 
in  the  test  cell.  The  magnitude  of  this  viscometric  (seal) 
resistance  is  compared  to  that  of  the  viscometer  plus  sample 
in  figure  4.8,  where  the  resistances  in  torque  are  shown  as 
functions  of  shaft  displacement  (revolutions).  These  values 
of  torque  are  obtained  from  the  summation  of  the  two  load 
cell  records  and  arc  indicative  of  the  mean  line  in  those 
records.  I'he  resistances  measured  during  tests  of  two 
different  samples  are  shown  as  the  upper  curve  in  figure  4.8 
for  a shaft  speed  of  1.5  rev/scc  and  for  the  indicated  hydro- 
static pressure.  This  curve  includes  the  influence  of  both 
the  sample  and  the  viscometer  and  is  corrected  for  the 
periodic  oscillation  in  the  measurement.  The  two  lower 
curves  show  the  resistance  of  the  viscometer  alone  at  a 
shaft  speed  of  1.5  rev/sec  and  a test  cell  pressure  of 
0.5b  X 10  dynes/cm  ; this  latter  data  is  shown  both  with 
and  without  a correction  for  the  periodic  oscillation  in  the 
measurement.  While  the  resistance  of  the  viscometer  is  much 
smaller  than  that  measured  in  the  tests  of  the  samples  it  is 
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Torque  (10'  dyne-cm) 


necessary  to  subtract  it  from  the  viscometer  plus  sample 
resistance  to  determine  tire  quantitative  value  of  the  sample 
resistance.  For  the  cases  shown  in  I'igure  4.8  we  infer  that 
the  sample  resistance  for  t > 0.8  sec  (>  1 rev)  is  on  the 

C) 

order  of  0.18  x 10'  dync-cm  of  torque.  There  are  evident 
problems  (c.f.,  Figure  4.7)  in  subtracting  the  viscometer 
(seal1  resistance  from  that  of  the  viscometer  plus  sample 
for  the  entire  history  of  the  test.  This  is  particularly 
true  at  the  early  times  in  which  the  respective  curves  are 
rather  steep  and,  in  addition,  there  is  a significant  noise 
level  (c  . f . , Figures  4.7  and  4.h).  However,  for  those  times 
in  whicli  the  resistance  has  reached  its  asymptotic  or  dynamic 
level  it  is  a simple  matter  to  define  the  level  of  resistance 
This  dynamic  resistance  of  the  viscometer  (seal)  is  shown  in 
Figure  4.9,  wherein  the  torque  is  presented  as  a function  of 
the  hydrostatic  pressure  in  the  test  cell.  This  data  were 
obta inedprimari ly  at  1.5  rev/sec;  however,  a few  tests  at 

7.5  rev/sec  were  also  run  to  show  that  the  shaft  speed  has 
little  influence  upon  the  dynamic  response  of  the  viscometer. 
A 1 ea s t - squa res  fit  to  the  viscometer  resistance  is  also 
presented;  there  is  an  increase  in  resistance  as  the  hydro- 
static pressure  increases.  We  shall  use  this  1 east - squa res 
fit  in  the  following  paragraphs  to  deduce  numerical  values 

of  the  sample  resistance  and  to  thereby  derive  material 
properties  from  the  data. 

4.5  DY.VAMIC  RHSISTA.NCF;  OF  GROUT;  PRFSSURF  AND 

STRiMN  RATF.  FIFFFCTS 

We  now  examine  the  dynamic  resistance  of  the  grout 
and  in  particular  we  seek  to  determine  the  influence  of  hydro 
static  pressure  and  shaft  speed  or  strain  rate  upon  the  grout 
sample,  subject  to  an  axial  pressure  loading  from  pressurized 
nitrogen  gas,  was  shown.  This  axial  force  tends  to  compress 


tin-  grout  samplo  and  to  increase  tlie  normal  forces  In'tweiui 
t lie  sample  and  the  shaft.  IVhile  this  load  is  not  h\'d  ros  t a't  i c , 

It  app  ro.\  Lma  t es  hydrostatic  loading  at  tlie  higlier  pressures 
(10''^  dyncs/cm^]  bccnu.se  the  strcngtli  of  the  grout  is  expected 

7 7 

to  be  low  (10'  dynes/cm")  . Tliat  is,  the  maximum  di'  ference 
between  the  principal  stresses  in  nonhydrostatic  loading  is 
directly  related  to  the  yield  strength  of  the  material;  conse- 
quently, the  variation  from  hydrostatic  behavior  is  small  when 
the  axial  stress  is  much  larger  than  the  yield  strength  of  the 
materia  1 . 

In  these  tests  at  high  pressures  the  sample  was  isolated 
from  the  pressurized  gas  by  a layer  of  colored  paraffin  placed 
on  both  faces  of  the  sample.  fhis  paraffin  served  two  purposes: 
first,  it  provided  a barrier  to  prevent  the  liigh  pressure 
gas  from  diffusing  througli  the  sample  during  the  compression 
in  the  test  cell;  and  secondly,  it  provided,  albeit  ({ual  i tat  i vc  ly , 
a criterion  for  estimating  the  contact  between  the  shaft  and 
the  sample  during  rotation,  subsecpient  to  failure  of  the  sample. 

If  a gap  was  created  between  the  sample  and  shaft  it  is  likely 
tluit  the  par.iffin  would  have  extruded  into  that  gap  leaving 
a colored  residue  on  botli  the  sh.aft  and  the  sample.  In  the 
post-test  examination  there  wa.i  no  indication  of  such  extrusion, 
further,  following  the  high  pressure  tests,  it  was  observed 
qua  1 i t .1 1 i ve  1 y that  the  shaft  could  be  turned  more  (,'asily  than 
was  the  case  for  the  atmospheric  or  low  pressure  tests.  We 
expect  that  in  the  high  pressure  tests  the  compressible  grout 
(c.f.,  figure  1.1|  was  forced  against  the  shaft  and  conse- 
((uently  a slightly  larger  mass  of  grout  was  fractured.  When 
the  pressure  on  the  sample  was  released,  this  material  expanded, 
leaving  a larger  volume  of  fractured  material  ailjacent  to  the 
shaft.  fhis  a[)parently  reduced  the  resistance  of  tlie  sample 
to  shaft  rotation  at  .atmospheric  pressure  as  comiiared  to 
those  samples  subjected  to  lower  |iressures.  I'he  .absence  of 
extruded  paraffin  between  the  shaft  and  the  sample  implies  that 


when  the  grout  is  under  pressure  this  volume  of  fractured 
material  is  in  close  contact  with  the  shaft. 

The  measured  dynamic  resistance  of  the  grout,  as  a 
function  of  pressure,  is  shown  in  figure  4.10.  In  that  figure 
the  data  indicated  by  the  open  symbols  give  the  resistance 
of  the  viscometer  plus  sample  and  the  data  shown  by  the  closed 
symbols  give  the  resistance  of  the  viscometer  alone.  This 
resistance  is  measured  in  torque;  the  difference  between  the 
1 eas t - squa res  fits  through  the  respective  measurements  provides 
an  indication  of  the  dynamic  resistance  of  the  grout  sample. 
This  resistance  is  essentially  constant  for  the  range  of 
pressure  shown  in  the  figure.  Moreover,  there  is  not  a 
discernible  influence  of  shaft  speed  upon  this  resistance; 
that  is,  the  data  for  0.1,  1.5  and  7.5  rev/sec  all  occupy 
the  same  pattern  about  the  1 eas t - squares  fit  through  the  data. 
This  independence  of  sample  resistance  of  shaft  speed  (or 
strain  rate)  implies  that  the  sample  response  is  not  viscous; 
we  have  already  inferred  rate- independent  behavior  from  the 
absence  of  sample  deformation  outside  of  the  thin  fractured 
region  adjacent  to  the  shaft.  The  quantitative  measurements 
shown  in  Figure  4.10  lend  further  substance  to  that  con- 
clusion. 

The  dynamic  resistance  of  the  samples,  based  upon  the 
difference  between  the  two  least -squares  fits  at  a pressure 
of  0.63  X 10"^  dynes/cm^  in  Figure  4.10  is  11.0  x 10'  dyne-cm. 
When  this  value  of  torque  (F  x L)  is  used  in  !;q.  4.1,  we 
calculate  the  shear  stress  at  the  shaft  to  be  0.9  x 10^’ 
dynes/cm*"  or  0.9  bars.  This  shear  stress  gives  the  dynamic 
friction  stress  between  the  grout  and  the  shaft. 

In  Figure  4.10  we  have  neglected  the  data  from  two 
specimens  cured  for  nine  days.  The  resistance  of  these  grout 
samples  was  very  low,  indicating  some  unknown  difficulty  with 
that  data.  To  further  show  the  effect  of  cure  upon  the  resis- 
tance of  the  grout  we  again  present  in  Figure  4.11  the  dynamic 


58 


V- 

c 

s: 

4-* 

■f  o 

. <J 

o e - 

4-»  - ”3  73 
(L»  4->  O -3 
E ^ 

O O 

u U ••-*  f‘  i 

•f.  3 

• C 

— -C 
o r;  4- 
C ^ 


'►-  c 0/ 

Q ' C;  i-  ^ 


c c > 

'j  -«  73  •■ 

'f  C 

^ c o 

> ^ 

*-'  o 

o 0»  •• 

4-»  4-»  O 

o ^ 

'J  « U 3 
C ^ •'-'  L) 
f3  r- 

♦-•  3 C >. 

^ -TJ 

'/i  4-> 

O CO 
J«  O •-'  f'J 
+-»  O • 
u aoo 
o ^ 
e — "3 
73  o-’-^  <U 

C E -*  O U 

>,  73  O 3 

CJ  t/)  C/)  O U 


(D 

3 

oo 


1 


! 


resistance  ot’  t lie  samples,  showing  the  length  of  cure  for  the 
respect  i\e  data  [loints.  Also  shown  are  the  results  fi'om 
those  tests  on  t lu-  samples  with  ‘.)-day  cure  times.  With  the 
exception  of  these  lattei’  samples  there  is  not  a dramatic 
inlluence  u 1'  cure  time  on  the  measurements.  That  is,  for 
thO'O  samples  which  have  been  cured  for  18  days,  or  more,  the 
resistaiue  is  unaffi'Cted  hy  the  length  ol  cure.  Also,  while 
the  d.ita  for  the  1-day  cure  tests  are  low,  they  are  not  outside 
of  the  scatter  in  the  data  from  the  samples  with  the  longer 
cuie  tunes.  \n  additional  artifact  in  the  testing  of  the 
grout  is  the  variation  from  hatch  to  hatch.  In  I'igure  4.12 
the  hatches  fiom  which  the  samples  were  poured  are  indicated; 
again  the  data  shows  the  dynamic  resistance  of  the  samples 
as  a function  of  pressure.  With  the  exception  of  the  hatches 
from  which  s.amples  were  cured  for  nine  days,  there  is  no  indi- 
cation that  the  hatch  significantly  affected  the  measured 
dynamic  resistance  of  the  samples. 

1.(1  STAllt:  RliSl.STA.XCh  Oh  GROUT;  RRliSSURh,  AND  STRAIN 

RATH  l.hhHGTS 

When  the  viscometer  shaft  is  first  rotated  the  grout 
sample  is  rapidly,  albeit  locally,  deformed.  This  deformation 
is  accompanied  hy  a shear  stress  indicated  by  the  measured 
force-time  histories  (c.f.,  figures  4.2  - 4.4),  which  rapidly 
increases  to  a maximum  value,  and  then,  upon  failure  relaxes 
to  a lower  asymjitotic  value.  the  latter  stress,  wliich  we 
designated  the  dynamic  friction  stress,  was  discussed  in 
.Section  4 . .8 ; in  the  present  section  we  examine  the  nature  of 
the  grout  resistance  at  failure.  Since  the  grout  does  not 
experience  significant  motion  prior  to  failure,  we  refer  to 
this  resistance  as  a static  resistance.  This  resistance  is 
contributed  to  by  both  the  bond  strength  between  the  grout 
in  the  annulus  and  that  grout  moving  with  the  shaft  and  also 
the  static  friction  on  the  interface  between  these  two 
materials.  The  total  of  these  two  components  should  be 


Figure  4.12  — Dynamic  resistance  of  viscometer  and  viscometer  + sample  to 
illustrate  influence  of  batch. 


comparable  to  the  material  strength  measured  in  triaxial  and 
unconfined  compression  tests  of  the  grout.  In  a later  para- 
graph we  will  present  such  a comparison. 

While  ttie  dyn^imic  friction  of  the  grout  samples  lias 
been  shown  to  he  inde[iendent  of  the  shaft  speed  (strain 
rate),  the  nature  of  the  sample  resistance  upon  initial  rotation 
and  failure  is  s ign  i f i can  1 1 >•  affected  by  the  shaft  speed. 

This  was  discussed  in  Section  4.1  and  we  present  another 
comiiarison  of  these  measured  force-time  histories  in  figure  4.13 
to  show  the  influence  of  shaft  speed  upon  the  static  resistance 
of  the  samples.  In  general,  the  peak  and  slope  of  the  force- 
time history  at  initial  sample  rotation  increases  with  an 
increase  in  the  shaft  speed.  In  addition,  there  is  some 
increase  in  the  noise  level  in  the  measured  signal.  The 
static  resistance  is  taken  to  he  the  mean  value  of  the  measured 
signal  between  the  I'irst  maximum  and  the  first  minimum  as 
shown  in  figure  4.14.  I'his  static  resistance,  together  with 
an  indication  of  the  resjiectivo  maxima  and  minima  are  shown 
in  figure  4.15  expressed  as  measured  torque  for  both  the 
viscometer  plus  sample  and  the  viscometer  alone.  Again, the 
data  for  the  viscometer  resistance  show  a well-defined  pattern 
of  increasing  resistance  with  increasing  pressure.  However, 
in  contrast  to  the  dynamic  res istance, there  is  an  indication 
that  the  static  resistance  of  both  the  viscometer  (seal)  and 
the  viscometer  plus  sample  are  functions  of  shaft  speed  or 
strain  r ate. 

In  order  to  examine  the  static  resistance  more  care- 
fully we  show  in  figure  4 . 1 (i  the  mean  values  of  static  resis- 
tance for  the  low  speed  data  (^  1.5  rev/sec)  from  both  the 
viscometer  [)lus  samjile  and  the  viscometer  alone.  (We  have 
also  included  one  data  point  at  4.5  rev/sec  and  atmospheric 
pressure.)  I'he  difference  between  the  1 eas  t - sejua  res  fits 


horizont;il  scale  is  50  msec/cm 


(h)  Shaft  speed  is  1.5  rev/sec,  horizontal  scale  is  UU)  msec/cm 


Influence  of  shaft  speed  upon  static  resistance  of 
j^rnut  samples.  Vertical  scale  is  0.2  V/cm. 
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lij’ure  1.13,  continued 
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Figure  4.15  - Static  resistance  of  viscometer  and  viscometer  + sample. 

Solid  points  indicate  viscometer  data  at  1.5  rps ; half 
filled  points,  viscometer  data  at  7.5  rps.  .Numbers  indicate 
samples  cured  for  1 and  9 days;  bars  indicate  first  maximum 
and  first  minimum  of  signal  (see  Fig.  4.14J. 


thioujjh  t lu'  rosprctixe  data  gives  a measure  of  the  static 
resistance  oi’  the  grout  samples  at  tliese  low  speeds.  As 
we  observed  in  tlie  case  of  the  dynamic  resistance  siiown 
previously  in  I'igure  1 . 1 0 , the  difference  lietween  the  two 
fits  in  Figure  t . 1 (i  for  tlie  static  resistance  is  essentiallv 
independent  of  pressure.  fherefore,  the  static  resistance 
of  the  grout  is  not  a function  ol'  piessure  and  we  I'ind  that 
this  torque  |F  x L)  is  32.5  x 10  dyne-cm  for  the  case  of  the 
low  sjieed  d.ata  ('<  1.5  rev/sec).  Using  liq . 4.1  we  conclude 
that  the  static  resistance  at  tlie  interface  between  the  shaft 
and  the  grout  is  2.7  x 10^  dyncs/cm^,  or  a threefold  increase 
over  the  measured  dynamic  friction.  Again,  this  value  is 
for  the  low  speed  tests. 

he  liave  noted  that  the  shaft  is  macliined  witli  axial 
grooves  which  are  somewhat  larger  tlian  the  average  dimensions 
of  the  desert  fines  used  in  the  grout.  Because  of  tliis  it 
is  ex[)ectcd  that  at  low  speeds  the  strength  of  the  interfacial 
bond,  together  with  the  static  friction, at  the  interface  between 
the  grout  moving  with  the  shaft  and  the  grout  in  the  annulus, 
should  be  of  the  order  of  the  failure  strength  of  the  grout 
as  measured  in  the  static  tests.  That  is,  for  triaxial  tests, 
the  stress  difference  at  failure  should  be  twice  the  value  of 
the  present  static  resistance.  .Such  tests  on  HSSL-1  grout 
have  been  reported^^^  and  have  yielded  results  of  2.5  to 
6.7  X 10^’  dynes/cm^  for  the  static  resistance.  Since  we 
obtain  a static  resistance  of  2.7  x 10  dynes/cm^"  we  conclude 
that  the  static  resistance  measured  in  the  present  tests  is 
consistent  with  that  determined  by  the  triaxial  data. 

The  static  resistance  is  ceitainly  a function  of  shaft 
s[)eei.l  or  strain  rate;  an  examination  of  Figure  1.15  indicates 
that  an  incre.ise  in  shall  speed  from  1.5  to  7.5  rev/sec  can 
double'  the  measured  static  resistance'.  However,  there  is  not 
sutlicient  elata  to  completely  define  this  trend. 


l iiKilly,  wc  note  that  the  lengtli  of  cure  also  affects 
tlie  static  resistance  of  the  samples.  In  figure  1.15  we  have 
indicated  those  samples  subjected  to  a 1 -day  cure.  1 he  static 
resistance  is  considerably  lower  than  that  of  tliose  samples 
cured  for  a longer  time;  this  is  likely  a result  of  diminished 
bond  strength  in  the  case  of  those  samples  with  a short  cure 
t i me . 

4.7  KbCO.NSTlTUTlO.N  Of  CROUT  SAMPLf  UNDfR  PRliSSURli 

\ qualitative  test  of  the  reconstitution  of  fractured 
grout  by  hydrostatic  loading  was  undertaken.  In  this  test 
a competent  grout  sample  was  manually  broken  into  small 
granular  pieces  and  replaced  in  the  annulus  between  the  shaft 
and  the  outer  sleeve  of  the  test  cell.  The  sample  was  then 
compressed  to  10  dynes/cm*"  in  the  viscometer,  without  shatt 
rotation.  Upon  removal  from  the  viscometer  the  grout  was 
examined.  The  shaft  could  be  easily  removed;  there  was  little 
friction  between  the  shaft  and  the  grout.  The  grout  annulus 
did  not  collapse  upon  the  removal  of  the  shaft;  apparently 
the  interlocked  sand  particles  together  with  tlie  cement  paste 
provided  sufficient  binding  to  resist  deformation  under 
gravity.  However  upon  application  of  a small  shear  load 
(manually  applied  at  the  top  surface  of  the  grout)  the  grout 
annulus  readily  deformed  and  collapsed.  The  reconstituted 
sample  was  considerably  weaker  than  competent  samples  of  the 
grout . 
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V.  SUMMARY  AND  CONCLUSIONS 


The  grout  samples,  when  tested  in  the  rotary  visco- 
meter, show  a qualitative  behavior  which  is.  independent  of 
cure  time,  shaft  speed  or  hydrostatic  pressure  and  a quanti- 
tative behavior  which  is  predominantly  influenced  by  strain 
rate.  These  annular  samples,  failing  in  shear  adjacent  to 
the  viscometer  shaft,  exhibit  first  a bond  failure  together 
with  a static  friction  resistance  to  motion  and,  second, 
a subsequent  relaxation  of  the  friction  resistance  to  a 
lower  dynamic  value.  This  dynamic  resistance  is  independent 
of  strain  rate  and  hydrostatic  pressure;  the  value  of  the 
dynamic  shear  stress  at  the  shaft  is  9.  x 10  dynes/cm  . The 
bond  strength  plus  static  friction  is  dependent  upon  the  strain 
rate  but  apparently  independent  of  hydrostatic  pressure.  For 
the  case  of  low  strain  rates  fo.1.5  rev/sec),  this  bond  strength 
plus  static  friction  produces  a shear  stress  at  the  shaft  equal 
to  2.7  X 10  dynes/cm^".  The  observed  behavior  of  the  grout 
suggests  that  it  can  be  characterized  as  a plastic  material 
wherein  the  resistance  to  deformation  is  dominated  by  "dry 
friction".  There  is  no  evidence  of  viscous  behavior. 

A comparison  of  the  present  low  strain  rate  measure- 
ments of  bond  strength  plus  static  friction  with  existing  tri- 
axial  data  on  the  same  grout  shows  that  the  piesent  value  of 
2.7  X dynes/cm'^  for  the  shear  stress  at  the  shaft  is  com- 

parable  to  the  values  of  2.5  to  6.7  x iQ  dynes/cm*"  measured 
in  the  triaxial  tests.*  This  comparison  implies  that  the 
interface  between  the  grout  in  the  annulus  and  the  grout  wliich 
moves  with  the  rotating  shaft  duplicated  the  bond  strength 
and  roughness  which  would  exist  along  a plane  of  shear  failur- 
in  a homogeneous  specimen  of  the  grout.  Consequently,  w'c 


Again  the  shear  stress  associated  with  the  bond  strength  plus 
static  friction  should  be  equal  to  one-half  the  stress 
difference  in  the  triaxial  tests. 
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expect  that  our  observations  about  the  dynamic  shear  friction 
are  indicative  of  the  nature  of  post  failure  slip  along  that 
plane  of  shear  failure.  We  have  seen  L/iat  this  dynamic  shear 
friction  is  approximately  one  third  of  tlie  bond  strength  plus 
static  shear  friction. 

Tile  behavior  observed  in  these  viscometer  tests 
suggests  that  the  deviatoric  response  of  this  grout  can  be 
represented  in  the  following  manner: 


I'liere  is  first  a failure  surface 


/.s.  .“T.T 


(5.2) 


where  S.^  is  the  deviatoric  stress  component,  is  the 

second  invariant  of  the  deviatoric  stress  tensor,  and  A is 
a function  of  the  strain  rate.  Once  the  material  has  failed 
tliere  is  a reduced  failure  surface 


IS.  . S.  . 

_iJ LL 


H < ;\ 


where  B is  a constant.  Using  the  data  from  the  viscometer 
tests  we  conclude  that  for  strain  rates  less  than  ^ 10  sec 

A = 27.  X 10^  dynes/cm^ 

B = 9.  X 10^  dynes/cm^ 


For  higher  strain  rates  A may  be  somewhat  larger.  However 
the  reduced  failure  surface,  characterized  by  B,  appears 
to  be  independent  of  strain  rate. 
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